The photochemistry of merocyanine 540 (MC 540), a sensitizing dye that binds preferentially to leukemia and electrically excitable cells, has been investigated. MC 540-mediated photooxidation of histidine, arachidonate, and unsaturated phospholipid vesicles was assessed by spin label oximetry and shown to involve type II (singlet oxygen) chemistry. The dye was also shown to be a potent sensitizer of lipid peroxidation in a natural cell membrane, the erythrocyte ghost. Inhibition by azide, stimulation by 2H20, and identification of the cholesterol product 5a-cholest-6-ene-3,8,5-diol in this system, all were consistent with singlet oxygen intermediacy. Finally, MC 540 was found to be considerably more phototoxic to-K-562 leukemia cells in 2H20 than in H20. We conclude that singlet oxygen plays a major role in the phototherapeutic effects of this dye. (4) (5) (6) (7) (8) . In this way leukemic cells have been selectively purged from bone marrow in vitro, and attempts to exploit this differential photosensitivity in clinical situations are underway (9).
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Merocyanine 540 (MC 540) is a fluorescent dye that binds to the outer surface of the plasma membrane. High-affinity binding sites for MC 540 are found on electrically excitable cells, some classes of immature blood cells, and leukemic cells (1) (2) (3) (4) (5) (6) (7) (8) . Simultaneous exposure to MC 540 and light of a suitable wavelength rapidly kills electrically excitable cells and leukemic cells but spares nonexcitable cells and normal pluripotent hematopoetic stem cells (4) (5) (6) (7) (8) . In this way leukemic cells have been selectively purged from bone marrow in vitro, and attempts to exploit this differential photosensitivity in clinical situations are underway (9) .
Although the effectiveness of MC 540 in killing neoplastic cells has been demonstrated (5) (6) (7) (8) , little is known about the mechanism of cell killing, and those factors on which the selectivity of MC 540 for cancer cells is based are not understood. However, the fact that uptake and toxicity of MC 540 in leukemic cells are augmented in the presence of visible light and oxygen (2) suggests that photodynamic processes are involved. A preliminary report has indicated that singlet oxygen (102) is one of the reactive intermediates (10) . The first detectable event following the production of this species is rapid consumption of molecular oxygen, which can occur as a result of reactions with biological constituents. Thus, we have used the highly sensitive spin label oximetric approach (11, 12) to monitor oxygen consumption during MC 540-sensitive photooxidation. Using this approach, we now report additional evidence for the production of 102 by the photoactivated dye. The involvement of 102 in the killing of leukemic cells and in the peroxidation of cell membrane phospholipids and cholesterol is also reported.
MATERIALS AND Liposome preparation. Dimyristoylphosphatidylcholine (Myr2-PtdCho), and 1-palmitoyl-2-oleoylphosphatidylcholine (Pam-OlePtdCho) were purchased from Avanti Polar Lipids. Multilamellar liposomes were prepared as described previously (13) . Stock solutions of lipid components in chloroform were mixed in appropriate amounts to give the desired membrane composition. Solvent was removed under a stream of dry nitrogen, and samples were further dried under vacuum. Hydration was accomplished by dispersing the dried samples in 10 mM phosphate/145 mM NaCl, pH 8.0 (PBS). Liposomes were hydrated in buffer containing the desired concentration of MC 540 to ensure that the dye was accessible to all lamellae.
Optical measurements. Absorbance measurements were made in a Perkin-Elmer 320 dual-beam spectrophotometer equipped with temperature control. Binding of MC 540 to liposomes was assessed by pelleting the liposomes (16,000 X g, Eppendorf Microfuge) and determining the amount of dye remaining in the supernatant. MC 540 concentration in the supernatant was determined from absorbance at 570 nm in 50% (vol/vol) methanol (14) . For optical bleaching measurements, 1-cm quartz cuvettes containing MC 540 were irradiated directly in front of the light source and absorption spectra of irradiated samples were measured with time.
ESR measurements. Samples were maintained at 37°C in the cavity of a Varian E-109 spectrometer equipped with a gas Abbreviations: ESR, electron spin resonance; CTPO, 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy; MC 540, merocyanine 540; 102, singlet oxygen; Myr2-PtdCho, dimyristoylphosphatidylcholine; Pam-OlePtdCho, 1-palmitoyl-2-oleoylphosphatidylcholine; PBS, phosphate-buffered saline (25 mM Na2HPO4/NaH2PO4, 125 mM NaCl, pH 7.4); Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 5a-OH, 5a-cholest-6-ene-3,3,5-diol; 7a-OH, cholest-5-ene-313,7a-diol; 7f3-OH, cholest-5-ene-3p3,703-diol; 5a-OOH, 3,8-hydroxySa-cholest-6-ene-5-hydroperoxide.
tTo whom reprint requests should be addressed. (16) . The thiobarbituric acid assay of peroxidation, often preferred because of its relative simplicity (17) , could not be used in this system, because the dye itself made such a large contribution to the absorbance at 532 nm. The conditions for xanthine oxidase-catalyzed lipid peroxidation were described previously (17) .
Chromatography of cholesterol products. Cholesterol photoproducts were analyzed by TLC, using adaptations of previously published methods (18, 19) . The typical procedure was as follows. A 0.5-ml sample from a membrane reaction mixture (0.11 mg of cholesterol) was mixed with 0.2 mM EDTA and extracted with 0.8 ml of CHCl3/CH30H (2:1). Manipulations were done in subdued light when lipophilic sensitizers were present. The organic phase, 0.4 ml in a polypropylene Microfuge tube, was treated with NaBH4 (0.5-2 ,mol) to reduce lipid hydroperoxides to their relatively stable alcohols. After standing for 10 min at room temperature, the mixture was evaporated to dryness at 50'C under a stream of nitrogen. Typically, two to three identical extracts were combined in this step. Borohydride reduction of 7-ketocholesterol (Sigma) yielded the epimeric 7a-and 7(3-alcohols, which were used as standards for assessing free radical oxidation. The products were taken up in [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (11, 12) to oxygen concentration.
MC 540 Sensitized Oxygen Consumption in the Presence of a Singlet Oxygen Trap. When an aqueous solution containing MC 540, histidine, and CTPO was irradiated with 300-to 700-nm light (100 W/m2), a steady increase in 02 uptake was observed (Fig. 2, 'H20 ). The rate of02 uptake was found to increase linearly with histidine concentration up to at least 9 mM (data not shown). At this low light intensity, no appreciable 02 was consumed in the absence of either the dye or histidine (Fig. 2) . At significantly higher light intensities (e.g., 1750 W/m2) 02 consumption could be measured when solutions of MC 540 alone were irradiated (data not shown). The consumption was enhanced in 2H20, a solvent that increases 102 lifetime (20) , suggesting that the dye itself is a substrate for 102. Replacement of H20 by 2H20 also increased the rate of 02 uptake by histidine (note 2.5-fold enhancement in Fig. 2) . Addition of azide inhibited the rate of 02 uptake in a dose-dependent manner (data not shown).
Thus, MC 540-sensitized photooxidation of histidine appears to be mediated by 102. In the presence of this trap, little or no bleaching of the dye was observed (data not shown).
MC 540-Sensitized Oxygen Consumption in the Presence of an Unsaturated Fatty Acid. Because MC 540 localizes in plasma membranes, we studied its ability to sensitize the photooxidation of an unsaturated fatty acid, viz., arachidonic acid. Illumination of a solution containing MC 540, arachidonic acid, and CTPO with a near-UV visible light (300-700 nm) resulted in a marked dose-dependent increase in the rate of oxygen uptake (Fig. 3A, b-d) . No significant uptake was observed when either the dye or fatty acid alone was irradiated under otherwise identical conditions (Fig. 3A, a) . Also no reduction of the nitroxide could be observed until after almost all the oxygen had been consumed. This rules out any radical-mediated (type I) process in the photooxidation of arachidonic acid, because if radicals had been produced, we would have expected a decrease in the concentration of the nitroxide due to facile radical-radical recombination reactions. These preliminary results suggest that MC 540-sensi- Photooxidation of Liposomes. Irradiation of merocyaninetreated liposomes composed of Pam-OlePtdCho, which contains a cis double bond in the sn-2 alkyl chain, caused a rapid depletion of oxygen from the medium (Fig. 3B) . No oxygen was consumed at this relatively low light intensity in the absence of lipid or dye or if dye-treated liposomes were kept in the dark. Similar irradiation of MC 540-treated liposomes composed of Myr2-PtdCho, a fully saturated phospholipid, resulted in no oxygen consumption (Fig. 3B) . In both cases incubation with MC 540 and irradiation were carried out at 370C, so that both lipids were in the fluid phase. Centrifugation of the liposomes after incubation with MC 540 confirmed that essentially all of the dye was membrane-bound. Thus, the different results with Pam-OlePtdCho-and Myr2-PtdCholiposomes were not due to differences in dye binding. This strongly suggests that oxygen depletion in this system is due to lipid peroxidation, i.e., reaction of 102 with the unsatu- (Fig. 4A) . Neither light nor dark controls showed any effect. The increase in lipid hydroperoxide content was linear for at least 1 hr, during which time the dye underwent considerable photobleaching (Fig. 4B) . The apparent abatement of peroxidation after 70 min may be at least partially due to dye destruction as a result of direct oxidation and/or reaction with lipid peroxides. Addition of azide to the membrane suspension resulted in a 2.5-fold decrease in the rate of lipid hydroperoxide formation, whereas replacing H20 in the medium with 2H20 caused a 3-fold increase in this rate (Fig.  4A) . Taken together, these results confirm those obtained with model systems (see above) and indicate that '02 plays a significant role in MC 540-sensitized lipid peroxidation. Correspondingly, destruction of the dye itself appeared to involve 102, because this was also slowed by azide and enhanced by 2H20 (Fig. 4B) .
Definitive evidence for the participation of 102 in MC 540-dependent lipid peroxidation was obtained by showing that the unique photoproduct of '02 attack on cholesterol is generated, viz., 3,B-hydroxy-5a-cholest-6-ene-5-hydroperox ide (5a-OOH). As shown in photooxidized ghosts comigrates on TLC with material produced by rose bengal, a well-known photogenerator of 102. On this basis, the product is identified as 5a-cholest-6-ene-313,5-diol (5a-OH). A relatively minor component (unidentified) of slightly greater mobility than cholesterol was also observed in the photoreactions. Neither the rose bengal-nor the MC 540-sensitized formation of 5a-OOH was affected by butylated hydroxytoluene, a free radical trap, which is consistent with a nonradical reaction mechanism. Similarly, butylated hydroxytoluene had no effect on overall lipid hydroperoxide formation with either photosensitizer (results not shown).
Contrasting results were obtained when ghosts were exposed to a nonphotochemical source of oxygen radicals, viz., xanthine oxidase acting on xanthine in the presence of added Fe(III) ion. In this case, as described previously (21) and anticipated for the free radical oxidation of cholesterol (19) , the major products (subsequent to borohydride treatment) were cholest-5-ene-3p,7a-diol (7a-OH) and cholest-5-ene-3/3,7,3-diol (7, , which comigrated with the reduction products of the 7-ketocholesterol standard (Fig. 5) . There was no evidence for 102 involvement in this reaction by virtue of the absence of 5a-OH. Moreover, butylated hydroxytoluene prevented formation of the free radical-derived products. The trace amounts of7a-OH and 7,3-OH observed in the photochemical reactions are attributed to the slow allylic rearrangement of 5a-OOH (18), although a small contribution of type I (free radical) photochemistry cannot be ruled out.
MC 540-Mediated Photolysis of Leukemia Cells. Simultaneous exposure of K-562 leukemia cells to MC 540 and light caused a rapid decrease of in vitro clonogenic cells (Fig. 6) . The decrease was even more rapid if irradiation was performed in deuterated medium. This result is compatible with those described above for simpler systems and thus indicates that 102 participated in the cytotoxic events leading to leukemic cell killing.
DISCUSSION
These results are consistent with the production of singlet oxygen during aerobic photosensitization by MC 540. The following scheme (reactions [1] [2] [3] is proposed to account for 102 generation.
h,, MC 540-* 'MC 540 [1] 'MC 540 --3MC 540 [2] At high light intensities (Fig. 4 relative to Fig. 2) , the dye itself consumed oxygen and was gradually bleached. At least part of this effect is attributed to photooxidation of the dye by 102 (22) . It is conceivable, however, that in the presence of membranes (Fig. 4) back attack by lipid peroxides also played a role in photobleaching.
That singlet oxygen has rarely been detected directly in cellular systems is probably due to its rapid reaction with endogenous biological constituents. This report describes oxygen consumption due to photosensitization by a membrane-bound dye. Oxygen was consumed during photoexcitation of MC 540 in unsaturated, but not saturated liposomes, which raises the possibility that peroxidation of unsaturated lipids and consequent membrane disruption play a role in MC 540-sensitized photokilling of leukemia cells. Additional support for this argument is provided by showing that a natural cell membrane, the erythrocyte ghost, undergoes vigorous lipid peroxidation when irradiated in the presence of this dye. Inhibition by azide, stimulation by 2H20, and identification of a unique cholesterol photoproduct, 5a-OOH, all indicate the intermediacy of '02 in lipid peroxidation damage. If electron or hydrogen transfer photochemistry were at all involved, it was relatively insignificant, because only trace amounts of cholesterol products ascribed to free radical reactions were observed (Fig. 5) . Thus, even though MC 540 interacts strongly with lipid targets in the membrane, energy transfer from dye triplet to oxygen seems to predominate. Photokilling of K-562 cells in vitro also appears to involve type II chemistry (Fig. 6) , and membrane-damaging lipid peroxidation could mediate cell killing, as suggested above.
